This is an Open Access article licensed under the terms of the Creative Commons AttributionNonCommercial 3.0 Unported license (CC BY-NC) (www.karger.com/OA-license), applicable to the online version of the article only. Distribution permitted for non-commercial purposes only. (MSCs) has been shown to alleviate dextran sulfate sodium (DSS) -induced colitis through modulation of transforming growth factor β (TGFβ) receptor signaling. However, the exact molecular mechanisms are not known. Methods: Here, we transplanted primary mouse MSCs or injected TGFβ1 into mice with DSS-induced colitis. Cells were purified by flow cytometry. Gene expression was analyzed by RT-qPCR. Results: We found that MSCs significantly alleviated the DSS-induced colitis, and the major sources for TGFβ1 were macrophages that were recruited by MSCs. Specific ablation of macrophages completely abolished the anti-inflammatory effects of MSCs. On the other hand, TGFβ1 administration, without the presence of MSCs, was sufficient to reduce the severity of DSS-induced colitis. Conclusions: Taken together, our data suggest that MSCs transplantation may recruit macrophages to produce TGFβ1, which mitigates the pathology of colitis. Thus, MSCs transplantation appears to be a promising therapy for severe enteritis.
Introduction
Ulcerative colitis and Crohn's disease are two major inflammatory bowel diseases due to pathological immunity. Thus, understanding the molecular mechanisms that regulate the pathogenesis of ulcerative colitis and Crohn's disease may substantially improve their therapy. Among all the experimental animal models developed to investigate these inflammatory bowel diseases, dextran sulfate sodium (DSS) is the most commonly used one, which could be manipulated to resemble either acute or chronic colitis [1, 2] .
Transforming growth factor β (TGFβ) receptor signaling has a well-established role in regulating the progression and recovery of inflammation-related colitis [3] [4] [5] [6] [7] [8] . However, the precise mechanisms have not been completely clarified. Recently, transplantation of bonemarrow derived cells, or particularly mesenchymal stem cells (MSCs), has been found to reduce the severity of, and improve the recovery from DSS-induced colitis [9] [10] [11] [12] . Moreover, modulated TGFβ receptor signaling by MSCs in the injured colon has been indicated as a cause for the effect of MSCs [12] , whereas the exact sources for TGFβ receptor ligands are not defined, and a direct causal link has not been proved.
Here we transplanted primary mouse MSCs into the isogeneic mice that had developed colitis by DSS administration. We found that MSC transplantation significantly alleviated the DSS-induced colitis. Moreover, significantly higher TGFβ1 was detected in the colon from the MSC-grafted mice, and was further found to be mainly produced by the recruited macrophages, rather than by MSCs themselves. To investigate whether TGFβ1 by macrophages is responsible for the effects of MSCs on colitis, we performed a loss-of-function experiment by specific ablation of macrophages with a saporin-conjugated anti-CD11b antibody, which completely abolished the anti-inflammatory effects of MSCs. In a gain-of-function experiment, TGFβ1 administration, without the presence of MSCs, was sufficient to reduce the severity of DSS-induced colitis.
Materials and Methods

Mouse manipulations
All mouse experiments were approved by the general principles contained in the Guide for the Care and Use of Laboratory Animals published by China Medical University. Male C57BL/6 mice of 10 weeks of age were used for isolation of MSCs, and for all in vivo experiments. Five mice were analyzed in each experimental group. DSS solution (DSS; Sigma-Aldrich, St. Louis, MO, USA) was given to mice via drinking water for 7 days to induce colitis, as has been described before [8, 12] . For in vivo depletion of macrophages, mice received i.v. injection of a saporin-conjugated antibody (20µg; Advanced Targeting Systems, San Diego, CA, USA) against the pan-macrophage surface marker CD11b twice per week, as has been described before [13] , while the control group received injection of IgG of same frequency. Recombinant TGFβ1 was purchased from R&D System (Los Angeles, CA, USA), and given to mice via intraperitoneal injection twice per week of a dose of 100ng.
Isolation, culturing, labeling and differentiation of MSCs
The mouse MSCs were isolated and grown in culture as has been described previously [12, 14] . Briefly, plugs of marrow from C57BL/6 mice were dispersed in Dulbecco's Modification of Eagle's Media (DMEM, Life technologies, San Jose, CA, USA) and then centrifuged at 1000g for 4 min. The pellets were re-suspended and plated at 10 5 cells/cm 2 in DMEM containing 10% FBS. After 10 passages' selection of attached cells, the cells were infected with a lentivirus carrying GFP under a CMV promoter to label with green fluorescence. Transduced cells were purified for GFP (Becton-Dickinson Biosciences, San Jose, CA, USA) by flow cytometry. A positive clone was selected, expanded and then subjected to chondrogenetic, osteogenic, and adipogenic differentiation assays to confirm a MSC phenotype. For chondrogenetic induction, 2.5×10 5 MSCs were induced with 5ml chondrogenetic induction media containing 10μg TGFβ1 (R&D System), 50μg insulin growth factor 1 (R&D System), and 2mg/ml dexamethasone (DMSO, Sigma-Aldrich) followed by centrifugation at 500g for 5 min. The cell pellets were maintained in the chondrogenetic induction media for 14 days and subjected to Alcian blue staining. For osteogenic induction, cells were digested and seeded onto a 24-well plate at a density of 10 4 cells/well, and then maintained in osteogenic induction media containing 10nmol/l Vitamin D3 (Sigma-Aldrich) and 10mM β-phosphoglycerol and 0.1µmol/l DMSO for 14 days and were subjected to Von kossa staining. For adipogenic induction, cells were digested and seeded onto a 24-well plate at a density of 10 4 cells/well, and then maintained in the adipogenic induction media containing 
Disease activity index
Disease activity index (DAI) was performed as previously described [8, 12] . Briefly, the scores for body weight loss (0 points, <5% weight loss; 1 point, 5-10% weight loss; 2 points, 10-15% weight loss; 3 points, 15-20% weight loss; and 4 points, >20% weight loss), stool consistency (0 points, formed pellets; 2 points, pasty/semiformed stool; and 4 points, liquid stool) and rectal bleeding (0 points, no rectal bleeding; and 4 points, visible gross bleeding) were summarized and presented as DAI.
Histology and RT-qPCR
Colon was excised, freed of adherent tissue and rinsed with ice-cold PBS to remove the fecal material. Segments of colon were then excised, cut, and used for histology, or for mRNA extraction followed by RTqPCR. For histology, colon tissue was fixed in 4% paraformaldehyde, cut into small pieces, embedded in paraffin, sectioned at 6μM, and then stained with Hematoxylin and Eosin (H&E staining). For RT-qPCR, RNA was extracted from the colon tissue or the sorted cells with Trizol (Invitrogen, St Louis, MO, USA), and then used for cDNA synthesis. RT-qPCR was performed in duplicates with QuantiTect SYBR Green PCR Kit (Qiagen). All primers were purchased from Qiagen. Values of genes were normalized against α-tubulin and then compared to the controls.
Flow cytometry
Digestion of colon cells were performed as described [8, 12] . Single colon cells were analyzed by flow cytometry after incubation with PEcy5-conjugated F4/80 antibody (Becton-Dickinson Biosciences, San Jose, CA, USA) for isolation of macrophages, and with Lin, Sca-1 and CD49e (Becton-Dickinson Biosciences) for isolation of myofibroblasts. The MSCs were detected by direct GFP. FSC, forward scatter.
Statistical analysis
Statistical analyses were performed with SPSS 18.0 software (SSPS Inc., Chicago, IL, USA). All data were statistically analyzed using one-way ANOVA with a Bonferoni correction. χ2 test with Fisher's correction was used for comparison of survival in each experimental group. All values are depicted as mean ± standard deviation from 5 individuals and are considered significant if p < 0.05.
Results
Isolation, culturing, labeling and differentiation of primary mouse MSCs
Primary mouse MSCs were isolated and expanded in culture, after which the cells were infected with a lentivirus carrying GFP under a CMV promoter to label with green fluorescence (Fig. 1A) . Transduced cells were purified by flow cytometry based on GFP (Fig.  1B) . A positive clone was selected, expanded and then subjected to differentiation assays including Von kossa staining to evaluate osteogenic induction, Oil red O staining to evaluate adipogenic induction and Alcian blue staining to evaluate chondrogenetic induction, which confirmed a MSC phenotype (Fig. 1C-E) .
MSCs significantly alleviated DSS-induced colitis
DSS was given to mice via drinking water for 1 week to induce acute colitis, while mice that received drinking water without DSS were used negative controls (Sham). Afterwards, isogeneic MSCs (10 6 ) were transplanted into the DSS-treated mice through tail vein injection (DSS+MSCs). Same volume of physiological saline was injected into other DSS-treated mice as positive controls (DSS). All the mice were sacrificed two weeks after MSCs' transplantation ( Fig. 2A) . We found that the DSS-treated mice significantly increased DAI, compared to Sham, while MSCs transplantation significantly reduced the levels of DAI in DSS-treated mice (Fig.  2B) . Moreover, histological analyses showed alleviation of the local inflammation by MSCs transplantation in the DSS-treated mice (Fig. 2C ), which were confirmed by the levels of (Fig. 2D ). These data suggest that MSCs significantly alleviated DSS-induced colitis.
MSCs recruited macrophages that produced high levels of TGFβ1
Since TGFβ receptor signaling pathway has been shown to promote the recovery of DSS-induced colitis, we thus examined the levels of the major TGFβ receptor ligand, TGFβ1, in the colons from Sham, DSS-treated, and DSS-treated, MSCs-grafted mice. We also isolated MSCs (based on GFP) and macrophages (based on F4/80) from the DSS+MSCs mouse lung by flow cytometry (Fig. 3A) , and checked TGFβ1 levels in these purified cells. In order to compare the levels of TGFβ1 in macrophages to myofibroblasts, we also isolated Lin -, Sca-1 low and CD49e high myofibroblasts by flow cytometry. We found that MSCs transplantation increased TGFβ1 levels in the colon from DSS-treated mice by 28.5± 4.0 fold compared to those in Sham, or by 5.3±0.7 fold compared to DSS only treated mice (Fig. 3B) . Moreover, the major sources for TGFβ1 appeared to be the recruited macrophages, rather than by MSCs themselves, since not only macrophages had a more than 2-fold higher TGFβ1 per cell than myofibrolasts (Fig. 3B ), but also a more than 10-fold higher cell number. These data suggest that MSCs recruited macrophages that produced high levels of TGFβ1.
Therapeutic effects of MSCs depend on macrophages
To investigate whether TGFβ1 by macrophages is responsible for the effects of MSCs on colitis, first we performed a loss-of-function experiment by specific ablation of macrophages after MSCs transplantation. We did an i.v. injection of 20µg saporin-conjugated anti-CD11b antibody to the mice twice per week, and compared with the mice received control IgG injection of same frequency (Fig. 4A) . We found that ablation of macrophages significantly abolished the anti-inflammatory effects of MSCs, by DAI (Fig. 4B) , and by histology (Fig. 4C) , suggesting that the therapeutic effects of MSCs depend on macrophages. Here, we used a set of loss-of-function and gain-of-function experiments to demonstrate that MSCs transplantation significantly alleviates colitis through augment in TGFβ1 production by the recruited macrophages. Macrophages are a type of white blood cell that is responsible for phagocytosis in the body. Besides the macrophages with classical phenotype, called "M1" macrophages, another macrophage sub-type, called "M2", is often associated with neovascularization, fibrosis and tissue repair [12, [14] [15] [16] [17] [18] [19] [20] [21] [22] . The conversion between M1 and M2 characteristics for macrophages is called "polarization". Specifically, M2 macrophages are known to secrete a wide range of chemokines, enzymes and growth factors, among which TGFβ1 is a critical one [12, 19, 20] . Recent studies have shown that MSCs may not only recruit macrophages, but also induce their polarization into a M2 phenotype, in different organs, and in different models [12, 14, 19, 20] . Although we did examine the M1/M2 polarization of MSCs recruited macrophages that produced high levels of TGFβ1. Since TGFβ receptor signaling pathway has been shown to promote the recovery of DSS-induced colitis, we thus examined the levels of the major TGFβ receptor ligand, TGFβ1, in the colons from Sham, DSS-treated, and DSS-treated, MSCs-grafted mice. We also isolated MSCs and macrophages (MΦ) from the digested DSS+MSCs Cellular Physiology and Biochemistry macrophages in the current study, it is highly possible that the functional macrophages here are M2, due to high TGFβ1 levels in macrophages, and due to the dependence on TGFβ1 in the MSCs-induced alleviation of the DSS-colitis. Our findings are consistent with previous reports of the therapeutic effects of MSCs on DSS-induced colitis [12] , and further demonstrate the underlying mechanism. Together with previous reports [12] , our data highlight a pivotal of macrophage-derived TGFβ1 in the treatment of ulcerative colitis, suggesting that direct provision of TGFβ1, or adoptive transfer of M2 macrophages may be promising treatments for ulcerative colitis.
